Clinical and metabolic variables were evaluated in 13 dogs with border collie collapse (BCC) before, during, and following completion of standardized strenuous exercise protocols. Six dogs participated in a ball-retrieving protocol, and seven dogs participated in a sheep-herding protocol. Findings were compared with 16 normal border collies participating in the same exercise protocols (11 retrieving, five herding). Twelve dogs with BCC developed abnormal mentation and/or an abnormal gait during evaluation. All dogs had post-exercise elevations in rectal temperature, pulse rate, arterial blood pH, PaO2, and lactate, and decreased PaCO2 and bicarbonate, as expected with strenuous exercise, but there were no significant differences between BCC dogs and normal dogs.
Introduction
A disorder known as border collie collapse (BCC) is recognized as a cause of exercise intolerance in border collies throughout North America, Europe, and Australia. 
Materials and Methods

Normal Dogs
Sixteen client-owned border collies with normal capacity for exercise and no history of weakness or collapse were evaluated. All dogs participated regularly in agility competitions, flyball, or sheepherding competitions or were working stock dogs. Dogs were determined to be healthy on the basis of history, physical examination, and laboratory evaluation (complete blood count
[CBC], biochemical profile).
BCC Dogs
Thirteen client-owned border collies were referred to the investigating institution with a presumptive diagnosis of BCC.
Each dog had experienced at least two observed episodes of exercise-induced weakness or collapse (two to .50 episodes, mean 7.8, median 2) beginning at 6 mo to 7 yr of age (median 2 yr), and their owners had completed a questionnaire describing the observed collapse episodes. Veterinary evaluation at rest had determined that systemic causes of collapse other than BCC were unlikely.
Evaluation of BCC Dogs at Rest
Complete physical examination (including orthopedic and neurologic examination), thoracic radiographs, lead 2 electrocardiogram (ECG), echocardiography, CBC, serum biochemical profile, serum cortisol, and acetylcholine receptor antibody titer were performed on each dog. Serum thyroxine was measured in six dogs.
Exercise
Each dog participated in a standardized strenuous exercise 
Data and Sample Collection
Rectal temperature, pulse rate, reflexes, and a lead 2 ECG were assessed, and samples were collected for arterial blood gas, acidbase status, and plasma lactate and pyruvate concentrations before and immediately (within 1-2 min) after terminating exercise. A serum biochemical profile (including creatine kinase [CK] activity) was performed immediately after exercise. Rectal temperature, pulse rate, and limb reflexes were assessed 5, 10, 15, 30, 60, and 120 min after exercise. Serum CK activity was measured 120 min after concluding exercise in all BCC dogs and in the normal dogs herding sheep.
Measurement of Variables
Venous blood was collected into plain and EDTA-containing tubes. 
Examination of Known Mutations
DNA was isolated from whole blood of the 13 BCC dogs using the Gentra isolation protocol e and stored at À208C. All dogs were genotyped for the V547A ryanodine receptor (RYR1) mutation on canine chromosome 1 and the dynamin-1 (DNM1) mutation on canine chromosome 9 using standard published procedures. 
Results
Evaluation of Normal Dogs at Rest
There were five males (four neutered) and 11 females (four spayed). Ages ranged from 1 to 7 yr (mean 2.9 yr), and body condition score was 2.5 to 3.5/5. Physical, orthopedic, and neurologic examinations and laboratory evaluation (CBC, biochemistry profile) were normal, except that seven dogs were mildly hyperglycemic (,6.8 mmol/L; reference range 3.3-5.6 mmol/L).
Evaluation of BCC Dogs at Rest
There were three females (two spayed) and ten males (three 
Examination of Known Mutations
All 13 BCC dogs were negative for the infrequent V547A RYR1 mutation associated with malignant hyperthermia (MH) and negative for the R256L DNM1 mutation associated with a form of exercise-induced collapse found in Labrador retrievers and several other breeds.
Exercise-Retrieving Protocol
Normal Dogs
Ambient temperature was 13. Table 1) . Proprioception as assessed by response to knuckling and hopping was normal, and limb reflexes were normal.
Four of the dogs that had a markedly abnormal gait were considered by their owners and investigators to be dull, distracted, or disoriented. They stared into space with no focus, wandered aimlessly, and walked into walls or corners if they were not guided by a leash. One of these dogs also exhibited narrow palpebral fissures (squinting) and rapid blinking (every 1-2 s) for the first 3 min post exercise.
The most severe abnormalities of gait and mentation were noted between 5 and 10 min after exercise. All dogs returned to normal within 10 to 30 min (median 22.5 min). Upon recovery, none exhibited muscular pain or stiffness, and all were alert and willing to resume retrieving.
Exercise-Sheep Herding protocol
Normal Dogs
Ambient temperature was 208C-278C (median 248C). All five dogs participated in the herding protocol with no evidence of weakness, incoordination, or exercise intolerance during the 10 min of exercise or in the 120 min observation period. Dogs remained focused on the sheep and did not slow their pace during the exercise period.
BCC Dogs
Ambient temperature was 218C-268C (median 24.58C). Four of the seven dogs had their exercise halted early (6.5 to 9.3 min)
when they developed gait abnormalities (two dogs) and/or exhibited an abrupt loss in mental focus on the sheep (four dogs). All BCC dogs exhibited abnormal gait and mentation after completing the herding exercise (Table 1) . Abnormalities were similar to, but more severe than, those observed in the retrieving BCC dogs (see Supplementary Video I, Video II, Video III). Proprioception was normal, as were limb reflexes.
The most severe abnormalities of gait and mentation were noted 5 to 10 min after exercise. All dogs returned to normal within 20 to 30 min (median 30 min). Upon recovery, none exhibited muscular pain or stiffness, and all were alert and interested in the sheep.
Post Exercise Clinical Evaluation-All Dogs
All dogs were tachycardic and hyperthermic after exercise ( Table   2 ). Mentally abnormal 4 7 Post Exercise Laboratory Evaluation-All Dogs
Arterial Blood Gas
Arterial blood pH was increased and PaCO 2 was decreased in all dogs immediately after exercise ( (Table 2) . Post-exercise serum CK activity was slightly increased over pre-exercise values in most dogs in both groups, but only BCC dogs had increases outside of the reference range immediately after exercise (two dogs) or 2 hr after exercise (four dogs). All increases in CK activity were mild (,653; reference range 51-418 u/L) and not considered clinically significant (Table   2) .
Lactate, Pyruvate, and Lactate-to-Pyruvate Ratio
The resting and post-exercise lactate and pyruvate concentrations and the lactate-to-pyruvate ratios in the BCC dogs were not consistently different from the values in normal dogs ( Table 3) .
Lactate concentrations immediately post exercise were slightly higher in the dogs (normal and BCC) herding sheep than in the retrieving dogs (P ¼ .046).
Muscle Biopsy
There were no abnormalities in temperature, blood pressure, and ventilation during general anesthesia. Needle EMG recordings were normal in all muscles in the ten affected dogs tested. Muscle biopsy specimens were normal from three dogs, all with clinically severe collapse from the sheep-herding group. Three dogs had a mild to moderate nonspecific increase in intramyofiber lipid droplets within some type 1 fibers, and four dogs had a mild to moderate predominance of type 1 fibers and an increased population of type 2C fibers compared with normal vastus lateralis muscle. 9 These abnormalities were detected in dogs with mild and severe collapse from both protocols (retrieving and herding).
Discussion
There were no abnormalities in the clinical or laboratory evaluation of BCC dogs at rest that distinguished them from normal dogs.
This evaluation was sufficient to eliminate many causes of exercise intolerance such as severe anemia, severe pulmonary disease, glucocorticoid deficiency, hypothyroidism, and acquired myasthenia gravis. 3 Normal thoracic radiographs, echocardiography, and ECG pre-and post-exercise made cardiac causes unlikely. Normal muscle mass, normal pre-exercise gait and patellar reflexes, the ability to participate in moderate exercise, normal EMG, and relatively normal muscle biopsies eliminated inherited myopathies such as centronuclear myopathy, dystrophin deficient muscular Mean 6 SD, median, and (minimum-maximum) of lactate and pyruvate concentrations and the lactate-to-pyruvate ratio before and immediately after exercise in 11 normal border collies retrieving a ball, 6 border collies with border collie collapse (BCC) retrieving a ball, 5 normal border collies herding sheep, and 7 border collies with BCC herding sheep. a significantly different from value in normal border collies assuming unequal variances.
dystrophy, or congenital nemaline rod myopathy. [10] [11] [12] Acquired infectious or immune-mediated inflammatory myopathies were also excluded based on the normal clinical examination at rest, normal CK measurement, and the absence of inflammatory changes in the muscle. 13 Abnormalities of glycolytic or oxidative metabolism that could result in poor exercise tolerance were ruled out by the absence of storage products in muscle fibers and normal lactate and pyruvate concentrations and lactate-to-pyruvate ratios at rest and after exercise in the BCC dogs. 3, 11, 14, 15 Biopsies 
